The linearization of the stromal extracellular matrix (ECM) by cancer-associated fibroblasts (CAFs) facilitates tumor cell growth and metastasis. However, the mechanism by which the ECM is remodeled is not fully understood. Hic-5 (TGFβ1i1), a focal adhesion scaffold protein, has previously been reported to be crucial for stromal ECM deposition and remodeling in vivo. Herein we show that CAFs lacking Hic-5 exhibit a significant reduction in the ability to form fibrillar adhesions, a specialized form of focal adhesion that promote fibronectin fibrillogenesis. Hic-5 was found to promote fibrillar adhesion formation through a newly characterized interaction with tensin1. Furthermore, Src-dependent phosphorylation of Hic-5 facilitated the interaction with tensin1 to prevent β1 integrin internalization and trafficking to the lysosome. The interaction between Hic-5 and tensin1 was mechanosensitive, promoting fibrillar adhesion formation and fibronectin fibrillogenesis in a rigidity-dependent fashion. Importantly, this Src-dependent mechanism was conserved in three-dimensional (3D) ECM environments. Immunohistochemistry of tensin1 showed enrichment in CAFs in vivo, which was abrogated upon deletion of Hic-5. Interestingly, elevated Hic-5 expression correlates with reduced distant metastasis-free survival in patients with basallike, HER2+ and grade 3 tumors. Thus, we have identified Hic-5 as a crucial regulator of ECM remodeling in CAFs by promoting fibrillar adhesion formation through a novel interaction with tensin1.
Introduction
Mammographic dense breast tissue correlates with increased risk of developing cancer and worse patient outcomes [1] . Increased tissue rigidity from extracellular matrix (ECM) accumulation in the stroma causes enhanced tumor cell growth and the linearization of collagen fibers at the tumor/stroma boundary is a key step in promoting tumor cell invasion and metastasis [2] . Non-transformed fibroblasts actively convert mechanical signals from the ECM into biochemical signals in order to exert an opposing contractile force on the ECM through a process termed tensional homeostasis [3] . However, alterations in this mechanism cause a hyperactive mechanical feedback loop, which promote fibroblasts to differentiate into cancerassociated fibroblasts (CAF) resulting in enhanced contractility, ECM deposition and linearization to promote a favorable invasive microenvironment for the tumor cells [4] . Targeting this ability of the CAFs to deposit and remodel the stromal ECM may provide novel therapies for treating breast cancer.
Mechanical signaling is mediated through focal adhesions, a collection of scaffold and signaling proteins that accumulate via interaction with integrins to provide a physical link between the actin cytoskeleton and the ECM to regulate cell signaling, actin dynamics and gene expression [5] . Fibroblasts can generate specialized adhesions, termed fibrillar adhesions, when plated onto fibronectin-rich environments that are characterized as being tensin1-rich, phosphotyrosine poor and by the presence of the α5β1 integrin heterodimer [6] . During fibrillar adhesion formation, α5β1 integrins translocate centripetally from stationary αvβ3 integrin-rich focal adhesions [7] . Furthermore, α5β1 integrins engage with fibronectin and induces conformational changes to generate a fibrillar matrix in an actomyosin dependent manner [8] .
Hic-5 (TGFβ1i1) is a paxillin family member that functions as a molecular scaffold to coordinate numerous molecular interactions and regulate Rho GTPase signaling [9, 10] . Furthermore, tyrosine phosphorylation of Hic-5 by FAK and Src family kinases provides additional docking sites for the phosphotyrosine-binding SH2 domains of other signaling components [11, 12] . We have previously reported that the loss of Hic-5 in CAFs, in the well-established polyoma middle T-antigen (PyMT) breast tumor mouse model, results in their impaired ability to efficiently deposit and remodel the stromal ECM [13] . Nevertheless, the mechanism by which Hic-5 regulates ECM remodeling in this context is yet to be determined.
Herein, we have identified Hic-5 as a crucial regulator of fibrillar adhesion formation through a newly characterized interaction with tensin1. Furthermore, Src-dependent phosphorylation of Hic-5 was found to be required to promote the interaction with tensin1. Importantly, we found this phosphorylation-dependent mechanism to be conserved in 3D ECM environments and the loss of Hic-5 in the PyMT breast tumor model results in the reduced enrichment of tensin1 in CAFs, in vivo. Interestingly, in silico analysis revealed that Hic-5 expression in human breast tumors is highly correlated with a stromal gene expression module and reduced patient survival in a tumor subtype specific pattern. This novel interaction between Hic-5 and tensin1 may represent a key signaling mechanism required for stromal ECM remodeling in vivo during human breast tumor progression.
Results

Hic-5 is required for fibrillar adhesion formation
The well-characterized PyMT mouse model undergoes similar stages of tumor progression as the human disease, with a high incidence of metastasis to the lung [14] . These characteristics make this model a useful tool to understand human disease progression. We have previously reported a role for Hic-5 in CAFs to promote ECM deposition and remodeling, in vivo [13] . CAFs derived from the Hic-5−/− PyMT tumors were not able to efficiently assemble a fibronectin matrix in 2D and 3D environments [13] . To understand the mechanism by which Hic-5 regulates fibronectin fibril assembly, we initially assessed the distribution of fibrillar adhesions. Fibrillar adhesions are characterized as being rich in tensin1 and have relatively low phosphotyrosine (pY) levels. Accordingly, tensin1 localized to fibrillar adhesions in the Hic-5+/− CAFs (Fig. 1a, arrow) . Furthermore, the Hic-5−/− CAFs exhibited a profound loss of central tensin1-rich, pY-poor fibrillar adhesions (Figs. 1a, b). However, tensin1 was still able to localize to peripheral focal adhesions in the Hic-5−/− CAFs (Fig. 1a , inset). Furthermore, transient knockdown of Hic-5 in Human Foreskin Fibroblasts (HFF) showed a similar reduction in the amount of fibrillar adhesions ( Supplementary Figure 1 ), suggesting that Hic-5 plays a key role in fibrillar adhesion formation in other cell types. Western blotting of the Hic-5 −/− CAFs showed a significant reduction in tensin1 protein expression ( Figs. 1c, d ). However, tensin1 mRNA levels were not significantly changed in the Hic-5−/− CAFs (Fig.  1e ). The localization and expression of other focal adhesion proteins including talin and ILK were not significantly affected by the absence of Hic-5 ( Supplementary Figure 2) . Importantly, overexpression of GFP-Hic-5 wild-type (WT) in the Hic-5−/− CAFs partially rescued the ability of these cells to form fibrillar adhesions (Figs. 1f, g). Furthermore, the tensin1 mean fluorescence intensity (MFI) is also increased in Hic-5−/− CAFs overexpressing GFP-Hic-5 WT, suggesting that tensin1 levels can be partially rescued upon reintroduction of Hic-5 ( Fig. 1h ). Altogether, these data identify a novel and conserved role for Hic-5 in regulating fibrillar adhesion formation in both normal fibroblasts and CAFs.
Hic-5 interacts with tensin1 to promote fibrillar adhesion maturation
Tensin1 is crucial for α5β1 integrin translocation from focal adhesions to form fibrillar adhesions [7] . Hic-5 is also required for fibrillar adhesion formation ( Fig. 1a ) and given that Hic-5 and tensin1 colocalize in fibrillar adhesions ( Fig.  1f ), we hypothesized that Hic-5 and tensin1 may directly interact which was subsequently tested using an in situ proximity ligation assay (PLA). Distinct clusters of PLA spots were observed in the Hic-5+/− CAFs at the ends of stress fibers, indicative of an association with focal adhesions ( Fig. 2a , inset 1). Furthermore, PLA spots were also observed toward the center of the cell, consistent with fibrillar adhesion localization in these cells ( Fig. 2a , inset 2). Importantly, only background levels of PLA spots were observed between Hic-5 and tensin1 antibodies in the Hic-5 −/− CAFs comparable to an isotype antibody control (Figs. 2a, b). In addition, endogenous Hic-5 and tensin1 were both co-immunoprecipitated in the Hic-5+/− CAFs (Figs. 2c, d), further demonstrating an association between these two proteins.
The Hic-5−/− CAFs exhibited a significant reduction in tensin1 expression ( Fig. 1c ). To determine whether tensin1 is sufficient to form fibrillar adhesions in the absence of Hic-5, tdTomato-tensin1 was overexpressed in the Hic-5 +/− and Hic-5−/− CAFs ( Fig. 2e ). Quantification of the area of fibrillar adhesions revealed no significant change in either the Hic-5+/− CAFs or Hic-5−/− CAFs following overexpression of tdTomato-tensin1 ( Fig. 2f ), suggesting that tensin1 is not sufficient to rescue fibrillar adhesion formation in the absence of Hic-5. Furthermore, to assess whether Hic-5 is sufficient to generate fibrillar adhesions in the absence of tensin1, RNAi-mediated knockdown of tensin1 was performed (Figs. 2g, h). Importantly, Hic-5 expression was not affected when tensin1 is knocked down (Fig. 2g ). Using β1 integrin as a marker of fibrillar adhesions, the tensin1 RNAi-treated CAFs had a significant reduction in the amount of fibrillar adhesions (Figs. 2i, j), consistent with previous studies [15, 16] . Taken together, these data support a role for Hic-5 in mediating fibrillar adhesion formation in CAFs through a direct interaction with tensin1.
Hic-5 and tensin1 interact through a phosphorylation-dependent mechanism
Src phosphorylation of the β1 integrin cytoplasmic tail NPxY motif promotes talin dissociation to favor the interaction with tensin1 to form fibrillar adhesions [17, 18] . Tensin1 contains an SH2 domain that interacts with proteins that are tyrosine phosphorylated [19] . Src also phosphorylates Hic-5, providing a potential mechanism to recruit tensin1 to form fibrillar adhesions [11] . Treatment of the Hic-5+/− CAFs with the Src inhibitor, PP2 caused a dramatic reduction in the amount of fibrillar adhesions ( Fig. 3a,  b ). Importantly, PLA between Hic-5 and phosphotyrosine (pY) antibodies revealed phosphorylated Hic-5 at the ends of stress fibers and toward the center of the cell (Fig. 3c ). Conversely, treatment of the Hic-5+/− CAFs with the Src inhibitor resulted in a loss of PLA spots between Hic-5 and pY antibodies as compared to vehicle-treated cells (Figs. 3c, d), indicating that Hic-5 is phosphorylated in a Src kinasedependent manner. To determine whether the Hic-5-tensin1 interaction is also Src phosphorylation dependent, PLA was performed between Hic-5 and tensin1 on Hic-5+/− CAFs treated with vehicle or PP2 ( Fig. 3e ). Robust PLA spots were clustered at the ends of actin stress fibers in vehicletreated CAFs (Fig. 3e ). However, treatment of Hic-5+/− CAFs with the Src inhibitor resulted in a dramatic loss of PLA spots between Hic-5 and tensin1, as compared to vehicle-treated cells (Figs. 3e, f), demonstrating that the interaction between Hic-5 and tensin1 is Src kinase dependent.
To determine whether tensin1 binds preferentially to phosphorylated Hic-5, PLA analysis was performed on Hic-5−/− CAFs re-expressing GFP-Hic-5 wild type (WT) or the non-phosphorylatable GFP-Hic-5 Y38/60 F mutant [11] . Interestingly, there was a significant reduction in the number of PLA spots between Hic-5 Y38/60 F and tensin1, suggesting that tensin1 interaction with Hic-5 requires Y38 and/or Y60 phosphorylation (Figs. 3g, h). Furthermore, overexpression of GFP-Hic-5 Y38/60 F in the Hic-5−/− CAFs was not able to rescue fibrillar adhesion formation, as compared to GFP-Hic-5 WT overexpressing cells ( Fig. 3i , j), suggesting that Hic-5 phosphorylation is required for this process.
Hic-5 is required for Beta 1 integrin stability on the cell surface
Tensin1 directly interacts with the actin cytoskeleton and the β1 integrin tail, which stabilizes β1 integrin on the cell surface [20, 21] . Given this stabilizing role for tensin1, we assessed the distribution of β1 integrin. Using an antibody that recognizes the active form of β1 integrin (9EG7), Hic-5 +/− CAFs showed robust staining in central, tensin1containing fibrillar adhesions and peripheral focal adhesions (Fig. 4a ). However, analysis of the Hic-5−/− CAFs showed that while active β1 integrin is still able to localize to peripheral focal adhesions, the majority of its distribution was cytoplasmic (Figs. 4a, b). Time-lapse imaging of Hic-5+/− and Hic-5−/− CAFs was performed to assess whether the focal adhesions were disassembling at a faster rate which could account for the increased cytoplasmic β1 integrin distribution ( Fig. 4c , Supplementary Movies 1 and 2). Quantification of the disassembly rate and lifetime of peripheral-associated and central-associated adhesions in the Hic-5+/− CAFs showed that the peripheral adhesions disassembled faster than central adhesions albeit the overall lifetime was not significantly different (Figs. 4d, e). Similar measurements in the Hic-5−/− CAFs revealed that both peripheral and centrally associated adhesions disassembled twice as fast ( Fig. 4d ) and the overall lifetime of the adhesions in the Hic-5−/− CAFs was significantly reduced ( Fig. 4e ), suggesting that integrin complexes are being internalized at a faster rate.
β1 integrin is internalized and trafficked through endosomal compartments to be recycled back to the cell surface or sent to the lysosome for degradation [22] . Western blotting showed a significant reduction in total β1 integrin expression in the Hic-5−/− CAFs lysates (Figs. 4f, g). Furthermore, there was a distinct reduction of the mature, 125 kDa band of β1 integrin in these cells suggesting that the protein was being turned over rapidly [23] . Indeed, the cytoplasmic distribution of β1 integrin in the Hic-5−/− CAFs was found to be localized preferentially with LAMP-1-positive lysosomes (Figs. 4h, i). In addition, treatment of the Hic-5−/− CAFs with the lysosomal inhibitor, chloroquine, significantly increased the ratio of mature to immature β1 integrin in the Hic-5−/− CAFs (Figs. 4j, k). Therefore, Hic-5 expression suppresses β1 integrin internalization and degradation to facilitate the formation of fibrillar adhesions.
The Hic-5-tensin1 interaction is mechanosensitive Biomechanical signals from the ECM are transduced through integrin complexes to sense and respond to the changes in ECM composition and rigidity [4] . Interestingly, previous reports have shown that both Hic-5 and tensin1 are mechanosensors [24] [25] [26] . To determine whether substrate rigidity influenced the Hic-5 and tensin1 interaction, PLA was performed on Hic-5+/− CAFs plated onto glass (hard) and a soft (~1 kPa) polydimethylsiloxane (PDMS) substrate ( Fig. 5a ). Quantification of the number of PLA spots revealed a significant reduction between Hic-5 and tensin1 in cells plated on soft substrates (Fig. 5b) . Importantly, there is no significant difference in the cell area of the Hic-5+/− CAFs plated onto hard and soft substrates (9732 ± 1481 μm 2 to 8093 ± 465 μm 2 , p = 0.35). We also observed a significant reduction in the amount of fibrillar adhesions when Hic-5+/− CAFs are plated on soft substrates (Figs. 5c, d), showing that fibrillar adhesion formation requires increased substrate rigidity. Furthermore, the Hic-5−/− CAFs were not able to sense the changes in rigidity to generate fibrillar adhesions as compared to the control CAFs (Figs. 5c, d) . The ability of the Hic-5+/− CAFs to assemble fibronectin into fibers on the cell surface was also significantly reduced when they were plated on soft PDMS (Figs. 5e, f). However, Hic-5−/− CAFs were unable to efficiently assemble fibronectin fibers on either hard or soft substrates, consistent with their inability to generate fibrillar adhesions (Figs. 5e, f) . Taken together, the Hic-5 and ten-sin1 interaction is driven by increased substrate rigidity to promote fibrillar adhesion formation and fibronectin fibrillogenesis.
Src-dependent Hic-5 and tensin1 interaction is conserved in 3D environments
The mechanosensory and matrix remodeling capabilities, in vivo, requires the formation of 3D matrix adhesions [27] . These structures are reminiscent of 2D fibrillar adhesions as they have been characterized as long, thin structures (up to 19 μm long), rich in α5β1 along with robust tensin1 localization [28] . To assess whether Hic-5 promotes 3D matrix adhesions formation similar to 2D fibrillar adhesion formation, Hic-5+/− and Hic-5−/− CAFs were plated into human fibroblast (HFF)-generated 3D cell-derived matrices (3D CDMs). Hic-5+/− CAFs exhibited characteristic tensin1-rich elongated 3D matrix adhesions (Fig. 6a ). However, adhesions in the Hic-5−/− CAFs were significantly shorter and had reduced tensin1 localization (Figs. 6a, b ). Interestingly, we also observed a lack of centrally located 3D matrix adhesions in the Hic-5−/− CAFs, suggesting a similar mechanism of central adhesion formation as in 2D. PLA was performed to assess whether Src phosphorylation of Hic-5 was required for tensin1 interaction in 3D ECM environments. Indeed, we observed robust PLA spots between Hic-5 and tensin1 clustered at the ends of actin stress fibers in vehicle-treated cells (Fig. 6c ). Quantification of the number of PLA spots revealed that the number of PLA spots was significantly reduced in Hic-5 +/− CAFs treated with the Src inhibitor ( Figs. 6c, d) .
Hic-5 promotes breast tumor growth, invasion and metastasis through the deposition and remodeling of the stromal ECM [13] . Given that tensin1 and Hic-5 interact in 3D environments, we wanted to assess the tensin1 distribution in the Hic-5−/− PyMT tumors. Immunohistochemistry (IHC) revealed that tensin1 was highly enriched in the CAFs in the Hic-5+/− PyMT tumor but not the tumor cells ( Fig. 6e, arrow) , similar to the distribution of Hic-5, in vivo [13] . Strikingly, tensin1 was not enriched in the CAFs in the Hic-5−/− PyMT tumor sections, but ten-sin1 expression was observed in nearby blood vessels ( Fig.  6e ), suggesting that the loss of tensin1 may contribute to the reduced ECM remodeling observed in the Hic-5−/− PyMT mouse. In addition, immunohistochemical analysis of human breast tumors revealed Hic-5 and tensin1 colocalization in α-smooth muscle actin-positive CAFs (Fig.  6f ), suggesting that the Hic-5-dependent ECM remodeling mechanism described herein may also play a role during human breast tumor progression.
Hic-5 expression correlates to poor patient prognosis
To further evaluate a potential connection between Hic-5 expression and outcome of human breast cancer patients, Kaplan-Meier survival analysis was performed using the publicly available GOBO online tool [29] . Although Hic-5 expression in breast tumors did not correlate with poor outcome when all tumor types were examined together ( Fig.  7a ), discriminating between distinct tumor subtypes using the PAM50 classifier revealed that patients with high Hic-5 expression correlated with reduced distant metastasis-free survival (DMFS) in both HER2+ (Fig. 7b ) and Basal-like tumors (Fig. 7c) , while there was no significant correlation in luminal A and luminal B tumors (Supplementary Figure  3A,B ). In addition, delineating between tumor grades revealed no correlation to reduced DMFS in grade 1 and 2 tumors, but high Hic-5 expression in grade 3 tumors was associated with reduced DMFS (Fig. 7d , Supplementary  Figure 3C ,D). Interestingly, Hic-5 expression in the breast tumors analyzed also correlated highly with a stromaassociated gene module ( Fig. 7e , p < 1 × 10 −10 , Supplementary Figure 3E ). Finally, while the aforementioned correlations were derived from total tumor data, a limited microarray analysis of isolated CAFs from distinct tumor subtypes showed that both Hic-5 and tensin1 expression was specifically enriched in HER2+ tumors [30] . Collectively, these data suggest that Hic-5 plays a prominent role in the stroma of human breast cancer patients and further analysis is warranted.
Discussion
The ability of CAFs to remodel the ECM of the stroma around the primary tumor provides physical tracks that tumor cells utilize to invade and metastasize [31] . Thus, understanding the molecular mechanism that drives stromal matrix remodeling will be important for the design of targeted therapies to alleviate tumor growth and invasion. Herein, we report a previously unappreciated interaction between the focal adhesion proteins Hic-5 and tensin1, that is required to generate fibrillar adhesions to promote ECM remodeling (Figs. 1a, 2a) .
Fibrillar adhesions are a specialized form of cell-ECM adhesion that translocate centripetally from peripheral focal adhesions to facilitate the formation of fibronectin fibrils. We have shown that Hic-5 is a novel component of fibrillar adhesions and its localization is necessary for the formation of these structures (Figs. 1a, f) . Previous studies have shown the importance of integrin-linked kinase (ILK) in regulating fibrillar adhesion formation through recruiting tensin1 to focal adhesions [32] . Importantly, the lack of Hic-5 does not alter expression or localization of ILK to focal adhesions (Supp. Figure 2B ,C) and ectopically expressing tensin1 in the Hic-5−/− CAFs cannot rescue fibrillar adhesion formation (Figs. 2e, f) . These data suggest that Hic-5 is a key mediator of fibrillar adhesion formation and ILK and ten-sin1 are not sufficient to promote their formation. Furthermore, despite paxillin, a close relative of Hic-5, being expressed in the Hic-5−/− CAFs and its ability to interact with ILK [33] , it is not sufficient to promote fibrillar adhesion formation [13] . As fibrillar adhesions assemble, paxillin has been shown to be dephosphorylated [34] in contrast to Hic-5 phosphorylation, which we showed here, is required for fibrillar adhesion formation (Figs. 3i, j) . Thus revealing another distinct and opposing function of these two closely related proteins [35] .
Although tensin1 can localize to focal adhesions in the absence of Hic-5 (Fig. 1a) , Src phosphorylation of Hic-5 drives the interaction between tensin1 and Hic-5 to promote fibrillar adhesion formation (Figs. 3e, f) . Tensin1 contains an SH2 domain that interacts with tyrosine-phosphorylated proteins [19] . Interestingly, the binding specificity of the tensin1 SH2 domain is regulated by p38MAPK [36] . Serine/threonine phosphorylation of tensin1 promotes its dissociation from the RhoGAP, deleted in cancer-1 (DLC1), to promote interactions with pY proteins including p130CAS [37] . In our study, we determined that tensin1 also interacts with tyrosine phosphorylated Hic-5 (Figs. 3g, h) , potentially through the tensin1 SH2 domain. Hic-5 has been shown to regulate p38MAPK activity in a TGFβ-induced invadopodia model [11] . Furthermore, the loss of p38MAPK in a heart injury mouse model resulted in a reduced fibrotic response [38] . This raises the intriguing possibility that Hic-5 may coordinate its interaction with tensin1 by regulating the specificity of the tensin1 SH2 domain through a p38MAPK-dependent feedback loop.
Talin dissociates from the Src phosphorylated NPxY motif of β1 integrin to promote the "switch" to tensin1 to facilitate fibrillar adhesion formation [17] . We have shown that Hic-5 plays a central role in recruiting tensin1 to form fibrillar adhesions and to prevent β1 integrin internalization and degradation (Figs. 2 and 4) . Clathrin adaptors Dab2 and Numb contain a phosphotyrosine-binding (PTB) domain The data represent the mean ± SEM and statistical significance was determined using a Student's T-test. *p < 0.05 similar to tensin1, which bind to the NPxY motif of β1 integrin to promote clathrin-dependent internalization [39, 40] . Furthermore, the recruitment of the AP-2 clathrin adaptor complex to focal adhesions is mediated through an interaction between actopaxin (α-parvin), a Hic-5-binding partner, and β2-adaptin [41, 42] . It is conceivable that during fibrillar adhesion formation, Hic-5 mediates the interaction between tensin1 and the β1 integrin NPxY motif to prevent association with clathrin adaptor proteins to inhibit internalization. Furthermore, β1 integrin is trafficked preferentially to the lysosome in the Hic-5−/− CAFs (Fig.  4h ), suggesting that Hic-5 may play a role in regulating β1 integrin recycling to the cell surface. Further analysis will have to be performed to assess how Hic-5 may regulate integrin trafficking.
Downstream signaling from α5β1 integrin engagement with the ECM regulates force generation through RhoA/ Rock-dependent myosin II activity [43] . Rigidity-dependent myosin II-generated forces are required to promote a tensioned fibronectin/α5β1 integrin catch bond to generate fibronectin fibrils [44, 45] . Hic-5 may be crucial to strengthen the fibronectin/integrin bond in a rigiditydependent manner by recruiting tensin1 and thus associating β1 integrin with the actin cytoskeleton (Figs. 5a, b ). Fig. 7 Hic-5 expression in breast tumors correlates with reduced patient survival. a-d Hic-5 (TGFB1I1) expression was interrogated using the GOBO online tool to generate Kaplan-Meier Survival curves [29] . a Hic-5 correlation to patient outcome compiled from all tumors, irrespective of tumor subtype and tumor grade. n = 1379 patients, b HER2+ tumors, n = 166 patients, c Basal-like tumors, n = 251 patients, and d Grade 3 tumors, n = 375 patients. e Correlation between Hic-5 expression and eight distinct gene expression modules generated from the GOBO tool, demonstrating a high correlation between Hic-5 expression and stroma-associated genes Consistent with this notion, recent work has shown that tensin1 and tensin3 are required to maintain β1 integrin in an activated state during fibrillar adhesion formation [15] . Furthermore, the Hic-5−/− CAFs are inherently less contractile suggesting that they cannot exert sufficient force to promote high-affinity integrin linkages to fibronectin and thus resulting in the internalization of β1 integrin (Fig. 4a ) [13] . Interestingly, the deposition and organization of the collagen matrix in vivo is also dependent on fibronectin fibrillogenesis [46] . Fibrillar collagen constitutes the major component of the tumor ECM and contributes to the rigidity and tensile strength of the tissue [47] . The inability of the Hic-5−/− CAFs to assemble a robust FN matrix in 2D and 3D environments may be a cause for reduced collagen deposition observed in the Hic-5−/− PyMT tumors [13] . Thus, it will be important to further evaluate how Hic-5 regulates the deposition and composition of the ECM in this setting.
The existence of aligned collagen fibers, oriented perpendicular to the tumor boundary, promotes tumor cell invasion and correlates with an overall reduced patient survival [48] . We have shown, using the PyMT breast tumor mouse model, that the linearization of the ECM is a Hic-5-dependent process [13] . Survival analysis of human patients revealed that high Hic-5 expression in patients with HER2+ and basal-like breast cancer correlated with reduced distant metastasis-free survival. Interestingly, HER2+ and basal-like tumors are significantly more rigid, indicative of enhanced ECM deposition, as compared to luminal A and B tumors and are generally considered to be more aggressive [49] . Importantly, however, the potential contribution of Hic-5 expression in the primary tumor cells, where it may function in their EMT and invasion cannot be overlooked when evaluating these data sets [50, 51] . Nevertheless, the subtype-specific correlation of Hic-5 expression warrants further characterization and analysis in additional human patient samples and is critical to our understanding of the role of Hic-5 in CAF activity, in vivo. Furthermore, future studies aimed at designing drugs that specifically target the tumor microenvironment to be used either alone or in combination with conventional therapies may provide more effective options to treat the disease.
Material and methods
CAF isolation and cell culture
The Hic-5+/− PyMT and Hic-5−/− PyMT CAFs were isolated and maintained as previously described [13] . Human Foreskin Fibroblasts (HFF) were maintained in CDM media (DMEM supplemented with 10% FBS, 2 mM L-glutamate, 10 I.U. penicillin/10 μg/mL streptomycin, and 1 mM Sodium pyruvate) at 37°C with 5% CO 2 . All cell lines were routinely stained with DAPI to assess potential mycoplasma contamination.
Antibodies and reagents
Antibodies used in this analysis were: Hic-5 611164, β1 integrin clone 9EG7 553715, CD29 610467, ILK 611803 (BD Biosciences, Franklin Lakes, NJ, USA); tensin1 NBP1-84129 (Novus Biologicals, Littleton, CO, USA); phosphotyrosine clone 4G10 05-321 (Millipore); talin T3287, fibronectin F3648, α-tubulin clone DM1A T9026, α-actinin A5044, tensin1 SAB200283 (Sigma-Aldrich, St. Louis, MO, USA); phosphotyrosine clone P-Tyr-100 9411 (Cell Signaling, Danvers, MA, USA); β1 integrin clone 12G10 ab30394 (Abcam, Cambridge, MA, USA); LAMP1 bs-1970R (Bioss, Woburn, MA, USA); Epcam G8.8 was deposited to the DSHB by Farr, A.G.
F-actin was visualized using Rhodamine phalloidin (ThermoFisher, Carlsbad, CA, USA) or Actistain 670 (Cytoskeleton, Denver, CO, USA). Fluorescently conjugated secondary antibodies used were: Dylight 488, 550, and 633 conjugated anti-mouse and anti-rabbit were purchased from ThermoFisher. FITC anti-rat, Alexa-fluor 488 anti-mouse, HRP-conjugated anti-mouse and anti-rabbit secondary antibodies were purchased from Jackson Immu-noResearch. The polydimethylsiloxane (PDMS) substrates were prepared as previously described [52] .
SiRNA and plasmid transfections
Tensin1 RNAi-mediated knockdown was performed using 10 μM small interfering RNA (siRNA) and Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA). The siRNA were ON-TARGETplus mouse tensin1 (L-040925, SMARTpool) and control (D-001810, Non-Targeting Pool) purchased from Dharmacon (Lafayette, CO, USA). Hic-5 RNAi-mediated knockdown was performed using 40 μM siRNA and Oligofectamine. The siRNA oligonucleotides were purchased from Ambion and the siRNA sequences have been described previously [11] .
For overexpression studies, Hic-5+/− or Hic-5−/− CAFs were transfected with GFP, GFP-Hic-5 WT, or GFP-Hic-5 Y38/60 F using Lipofectamine 3000 (Invitrogen). The Hic-5 constructs were generated as described previously [11] .
Immunofluorescence and immunohistochemistry
Immunofluorescence and immunohistochemical staining of cell and tumor sections was performed as described previously [13] . Fresh frozen, OCT-embedded human tumor sections were obtained from the tumor bank at the University of Massachusetts Medical School (Worcester, MA, USA).
Fibrillar adhesions were quantified as the ratio of the central, tensin1-rich, pY-poor, elongated adhesion area relative to the total cell area using the threshold function of ImageJ. Similarly, fibronectin fibrillogenesis was quantified by thresholding fibronectin fibers relative to the cell area.
CDM generation
Three-dimensional CDMs were generated as previously described [13] .
Analysis of focal adhesion dynamics
Adhesion dynamics were quantified as previously described [50] . Briefly, Hic-5+/− and Hic-5−/− CAFs were infected with GFP-talin Baculovirus (ThermoFisher) with the Bac-MAM enhancer 24 h prior to imaging. The cells were replated onto 10 μg/mL fibronectin for 4 h before imaging using a Nikon TE2000 microscope equipped with an environmental chamber, a perfect focus automated multipoint visiting stage and imaged using a HCX Plan Fluo 10×/0.30 NA objective with images taken every 2 min for 3 h.
Proximity ligation assay
Proximity ligation assay (PLA) was performed using the anti-Mouse MINUS probe, anti-Rabbit PLUS probe and the orange detection reagent (Sigma-Aldrich) as previously described [53] . Actin was visualized using actistain 670 and imaged on a Leica scanning confocal (SP5) with a HCX Plan Apochromat 63×/1.40-0.60 NA oil λ blue objective. The total number of distinct PLA spots per cell were quantified using the threshold function of ImageJ.
Quantitative polymerase chain reaction
The primers used were mouse tensin1 (Forward 5′-GTTTCTCCAAGCATACAGCCA-3′ and Reverse 5′-GTTCAGAGAGGTTGAATAGCAGG-3′) and mouse GAPDH (Forward 5′-GTGTTCCTACCCCCAATGTGT-3′ and Reverse 5′-ATTGTCATACCAGGAAATGAGCTT-3′). The PCR was run on a Bio-Rad CRX384 Touch Real-Time PCR detection system using Bio-Rad iQ SYBR Green Supermix (170-8880) with the following conditions: 95°C for 2 min followed by 40 cycles: 95°C, 5 s and 58°C, 30 s followed by 95°C for 5 s. The melt curves were obtained from 65 to 95°C and Tensin1 mRNA levels were normalized to GAPDH using the ΔΔCq method.
Co-immunoprecipitation and western blotting
Cells were lysed in 50 mM Tris-HCL pH 7.6, 1% Triton X-100, 150 mM NaCl, 10% glycerol, 10 μg/mL aprotinin, 10 μg/mL leupeptin, and 1 mM PMSF. Lysates were cleared at 10,000×g for 10 min and incubated with the appropriate primary antibody for 2 h at 4°C. 20 μL of protein A/G beads were added for another 1 h, washed 3× and resuspended in SDS sample buffer. Western blotting was performed as previously described [11] .
Kaplan-Meier analysis
Kaplan-Meier survival analysis for Hic-5 (TGFB1i1) was evaluated using the gene expression-based outcome for breast cancer online tool (GOBO, http://co.bmc.lu.se/gobo/ gsa.pl) [29] .
Statistical analysis
Two-tailed Student's t-tests were performed to determine statistical significance using Microsoft Excel. All the data are represented by the mean ± the SEM and performed three times unless otherwise indicated. *p < 0.05, **p < 0.005, and ***p < 0.0005.
